High fluoride (F − ) groundwater causes fluorosis which might at severe stages lead to deformation of bones, bilateral lameness. The concentration of F − ranged from 0.4 to 4.8 mg/L. This study suggests that high HCO 3 − and Na + in alkaline medium along with water-rock interaction plays important role in enrichment of F − in groundwater. Na-HCO 3 is the dominant water type followed by Ca-HCO 3 suggesting dominance of Na + , Ca 2+ and HCO 3 − ions in groundwater. Factor analysis of water quality parameters suggests that four principal components account for 74.66% of total variance in the dataset. Factor 1 shows higher positive loading for pH, HCO 3 − negative loading for F − , Ca 2+ , SO 4 2− depicting ion-exchange and HCO 3 dominant water type responsible for F enrichment in groundwater.
Introduction
Fluoride is a normal constituent of natural water. Globally the health of millions of people is threatened by endemic fluorosis because of consumption of groundwater polluted with F − (UNICEF, 2008) . At the global scale, high concentrations of F − (i.e. >1.5 mg/L) are found in groundwater in China, Syria, Jordan, Ethiopia, Sudan, Tanzania, Kenya and Uganda (Ando et al., 2001 ). In the case of India, groundwater contamination with F − is well reported at numerous places in the States of Andhra Pradesh, Gujarat, Karnataka, Madhya Pradesh, Rajasthan, Chhattisgarh, Haryana, Orissa, Punjab, Haryana, Uttar Pradesh West Bengal, Bihar, Delhi, Jharkhand, Maharashtra, and Assam (Keshari and Dhiman, 2001; Jacks et al., 2005; CGWB, 2010) . Occurrence of F − in groundwater at different parts of Rajasthan is extensively documented by the scientific community (Madhavan and Subramanian, 2002; Singh et al., 2012; Hussain et al., 2012) . In case of Gujarat, Mehsana district is well reported for factors responsible for F − pollution in groundwater by Dhiman and Keshari (2006) , however it is still poorly reported for many administrative units of Gujarat where people are suffering from fluorosis.
Because of its high reactivity, fluorine normally, exists in the form of F − in natural waters (Leung and Hrudey, 1985) . Although geological sources contribute to the occurrence of F − in water, the major contribution comes from geological sources and conditions in hydro-geoenvironment such as the porosity and acidity of the soil and rocks, temperature i.e. semi-arid climate, the action of other chemicals, advanced stage of groundwater development and the depth of wells (Johnson et al., 2008; Ranjan et al., 2013) . F − in groundwater is mainly derived from the weathering and leaching of rocks commonly containing minerals such as fluorite, fluorapatite, cryolite, amphibole, muscovite, biotite, (Carrillo-Rivera et al., 2002; Avtar et al., 2013) . Due to a presumed lack of geochemical controls F − concentrations vary by more than an order of magnitude, the F − concentrations in groundwater range from well under 1.0 mg/L to more than 35.0 mg/L (IPCS, 1984) .
F − helps in the normal mineralization of bones and formation of dental enamel (Cao et al., 2000) . The total daily intake of F − from food is about 0.2-0.5 mg which is about only 10-15% of the required dose and hence humans are dependent on groundwater to fulfill this deficit (Boyle and Chagnon, 1995) . The desirable safe limit of F − in drinking water is 1.5 mg/L (WHO, 1993) . In case of daily intake of F − is low (i.e. <0.5 mg/L), various health issues may occur viz. dental caries, lack of formation of dental enamel and deficiency of mineralization of bones, especially affecting the children (Mondal et al., 2009) . When F − is consumed in the range of 1.5-2.0 mg/L, dental fluorosis or dental mottling may occur which is characterized by brown or black opaque patches on the enamel/tooth surface (Kharb and Susheela, 1994) . When long term intake of F − exceeds 3.0 mg/L, skeletal fluorosis may occur characterized by deformation of bones (Goldman et al., 1991) . Other than the above mentioned health issues, excessive intake of F − may lead to too much thirst, skin rashes, muscle fibre degeneration, blood cells deformation, gastrointestinal problems, urinary tract malfunctioning, and overall reduced immunity (Meenakshi and Maheshwari, 2006; Singh et al., 2011a) .
With the above background, this work strives to evaluate the geochemistry of groundwater with special focus on geochemical processes controlling F − mobilization in Patan district, Gujarat, India.
Study area
The study area (Patan district) showing groundwater sampling location and F − safe and unsafe water is given in Fig. 1 . The study area is located between 23 • 55 and 24 • 41 N and 71 • 31 and 72 • 20 E. Patan is situated in the northern part of Gujarat on the bank of the Saraswati River. The study area is bound on the North West by Rann of Kutch, on the North by Banaskantha district and in South East sharing a common border with Patan district. The total geographical area of the district is about 5740 km 2 . The climate of the area is warm, sub-humid and sub-tropical. May is generally the hottest month and January, the coldest. The region has a minimum temperature as low as 5 • C-10 • C and a maximum temperature as high as 40 • C-48 • C. The mean annual rainfall is 765 mm, 95% of which is received due to Southwest monsoon, from June to mid-September. The topography varies from plains to low hilly ranges, with elevation gradients of 10 m-190 m above mean sea level. Patan district is a part of Gujarat plain and is sub-divided into three sub-micro regions, namely Western Sandy Waste, Central Alluvial Plain and Mahesana Low Land. Western Sandy Waste region has low relief in comparison to other regions of the district. Saraswati is the main river of the region, flows from north-east to south-west direction and ultimately submerges into the Little Rann of Kachchh. Geologically all the three divisions are part of wind-blown sand and almost the entire region has alluvium deposition and the clay layer thickness is 4 m. The region has Orthids-Aquepts, Orthids-Psamments and Ochrepts-Psamments types of soils. Central Alluvial Plain region slopes towards west. Thus, all the rivers Banas, Saraswati, Rupen and their tributaries which form the drainage pattern of this region, flow towards westerly direction. The Mahesana Low Land is flat and of sandy plain. Geological origin of the entire Patan landscape implies that it is generated due to prolonged alluvial action in Quaternary period. Since the area is geotectonically a graben of early Tertiary period, it provides a room for large scale alluvial deposition through major river systems from the Aravallis. Geologically, whole study area is blanketed with thick alluvium. Highly weathered granites lead to the formation of clay. Over the granites lie the Himmatnagar formation, comprising sandstone, conglomerate and shale. These formations are also highly weathered. Geologically and mineralogically, this area is dominated by pegmatites, amphibolites, quartz, feldspar, china clay and fire clay. Soil present in this region is mainly classified into saline-alkali soil, calcareous sandy loams, calcareous sandy soil, non-calcic brown soils and non-calcic red-brown soils (UNDP/CGWB, 1976). Hydrogeologically, the area has unconsolidated aquifers with very high yield ranging from 1000 to 3000 lpm.
Sampling, analytical techniques and multivariate statistical analysis

Sampling
The health survey carried out by the local municipality, reported that the people in seven sub-divisions of Patan District of Gujarat, are suffering from both dental and skeletal fluorosis. Henceforth, a random sampling approach was adopted to collect a total of sixty two groundwater samples with an idea to create a hydrochemical mapping of different water resources in the study area. Water samples were collected in clean polypropylene bottles from open wells, dug wells, hand pumps and tube wells at varying depths. At the time of sampling, the source was purged for 5 min and bottles were thoroughly rinsed 2-3 times with sample water to be collected.
Analytical techniques
The sampling locations were recorded using the Global Positioning System (GPS III, Garmin). On-site measurements of the electrical conductivity (EC) and pH were made using an in-line flow cell to ensure the exclusion of atmospheric contamination and to minimize the fluctuations in space and time. The portable Orion Thermo water analyzing kit (Model Beverly, MA, 01915) with a precision of 1% was used for all on-site measurements. Two samples were collected from each location (average of which is presented in the result section) and filtered using 0.2 m Millipore membrane filters made up of biologically inert mixtures of cellulose acetate & cellulose nitrate. The samples collected for cation analysis were acidified using 1% HNO 3 to stabilize trace metals (pH ∼ 2), while samples collected for nitrate were acidified with H 3 BO 3 . Samples were brought to laboratory in an ice chest and stored at 4 • C. On the same day, alkalinity was analyzed by Gran titration using 0.05 N HCl solutions. The concentration of HCO 3 − was analyzed by acid titration (using Metrohm Multi-Dosimat) while other anions Cl − , NO 3 − , SO 4 2− and F − were analyzed by DIONEX ICS-90 ion chromatograph with an error of <2% using duplicates. Major cations were determined with an atomic absorption spectrometer (Thermo Fisher) with a precision of <2% using duplicates. For major ions, analytical precision was checked by normalized inorganic charge balance (NICB) (Kumar et al., 2010) . This is defined as [(Tz+ − Tz−)/(Tz+ + Tz−)] and represents the fractional difference between total cations and anions. The observed charge balance supports the quality of the data points, which is better than ±5%, and generally the charge imbalance was in favor of positive charge. This imbalance in charge may be attributed to the failure to analyze organic matter, which is mainly produced by biological activities (Huh et al., 1998) .
Multivariate statistical analysis (factor analysis FA and principal component analysis PCA)
Chemometric analysis of the hydro-chemical data set was performed through correlation and principal component analysis using the xl-stat (addon module of Microsoft Excel). Factor analysis was applied on the experimental data standardized through z-scale transformation in order to avoid misclassification due to wide differences in data dimensionality (Reghunath et al., 2002; Liu et al., 2003; Singh et al., 2011b) . Standardization tends to minimize the influence of difference of variance between variables and eliminates the influence of different units of measurement and renders the data dimensionless. PCA is an independent method which captures the variability of the dataset. It is a pattern recognition technique that attempts to explain the variation of large set of intercorrelated variables and transform them into smaller set of uncorrelated variables. Principal components (PCs) provide information on most meaningful parameters, which describes all data and reduces dataset with minimum loss of original information. PCs are produced by multiplying original correlated variables with eigenvector. PC loadings are the eigenvectors of covariance or correlation matrix, and the scores are individual transformed observations. PCs show the correlations present in the dataset. PCA was performed using varimax rotation method with Kaiser normalization. PCs with eigen value >1 are taken into account to infer the information on dominant geochemical processes in the region.
Geochemical modelling
In order to understand the origin of groundwater mineralization and the processes responsible for F − enrichment in groundwater in the study area, saturation index (SI) was calculated using PHREEQC code (Parkhurst and Appelo, 1999) . Saturation indices indicate the thermodynamic tendency of minerals to dissolve or precipitate. The changes in saturation state are useful to distinguish different stages of hydrochemical evolution and help to identify which geochemical reactions are important in controlling water chemistry (Coetsiers and Walraevens, 2006) . The saturation index of a mineral can be obtained using Eq. (1) (Garrels and Mackenzie, 1971) :
( 1) where, SI is the saturation index, K IAP is the ion activity product of particular solid phase and K SP is the solubility product of the phase. Based on the value of the SI, the saturation states are recognized as saturation (equilibrium; SI = 0), under saturation (dissolution; SI < 0) and oversaturation (precipitation; SI > 0).
Results
Water quality variables distribution
The statistical summary of physico-chemical parameters for groundwater samples analyzed is presented in Table 1 . The values of pH ranged from 7.0 to 8.2 with an average value of 7.5 signifying slightly alkaline conditions being dominant within groundwater system in the region. The electrical conductivity (EC) in the water samples ranged from 460 s/cm to 3160.4 s/cm with an average value of 1420.2 s/cm. Higher order of EC values indicates high concentration of dissolved solids and/or high ionic strength of the groundwater, local variation in soil type, multiple aquifer system, and salt accumulations due to increased evaporation. Among cations, the dominance was found to be in the order Na + > Ca 2+ > Mg 2+ > K + and the contribution ratio was 47.3%, 24.4%, 21.2% and 7.1% respectively. Anions dominance followed the order HCO 3 − > Cl − > SO 4 2− > NO 3 − > F − and their contribution ratio was 37.6%, 31.8%, 11.2%, 9.4% and 3.3% respectively. Average value of depth for sampling wells is 758.8 ft which shows water table is depleted in nature a typical signature of arid/semi-arid.
General hydro-geochemistry and F − contamination
F − concentration in the groundwater samples ranged from 0.4 to 4.8 mg/L with an average value of 2.9 mg/L. A brief classification of groundwater samples based on F − concentration and associated risk in the study area is shown in Table 2 . It was found that that only 19.4% of water samples contained F − concentration less than the permissible limit given by WHO, thus safe to consume for drinking or cooking purpose. Rest of the water samples fall into the category of low risk (32.2%, F − 1.5-2.9 mg/L) or high risk (48.4%, F − 3.0-5.0 mg/L) category. The highest concentration recorded was 4.8 mg/L, therefore no sample is found within the category of very high risk.
Scatter plot showing the relation between F − versus well depth and various water quality parameters viz. pH, alkalinity, Ca 2+ and NO 3 − (Fig. 2) can help decipher the mechanism for F − enrichment in the aquifers. The vertical distribution profile of F − (Fig. 2a) clearly indicates a general increase in concentration with screen or strainer depth of sampling wells). With alkaline pH, F − concentration is also found to increase for most of the water samples, which has been commonly observed in different parts of the world.
The relationship between F − and total alkalinity is shown in Fig. 2c , which reveals a strong linear association (with correlation coefficient (r) = 0.89).
In the scatter plot (Fig. 2d) , an inverse relation is found between F − and Ca 2+ (with correlation coefficient r = −0.34). In contrast to this, inverse relation between F − and nitrate (with correlation coefficient r = −0.19) is shown in Fig. 2e . Most of the data points are confined to low concentration of nitrate. Further, the ratio of Na + /Ca 2+ (average value of 4.08/3.66 meq/L), it is found that most of the samples have a value greater than one (1.11) indicating low calcium activity. It is also well reported that a high concentration of Na + favors the dissolution of F − bearing minerals in an alkaline medium (Shaji et al., 2007) . Ion exchange between Na + and Ca 2+ due to the movement of groundwater in the weathering zone may also result in high F − associated with high Na + and low Ca 2+ concentration because of the precipitation of the CaF 2 .
Hydrochemical facies
Hydrochemical facies of groundwater identifies the chemical characteristic of water in the aquifer system. These water facies reflects the chemical process between the mineral and water within the lithological context. The Piper trilinear plot include two triangles, one of which represents anion and the other the cations. The cation and anion fields are represented together in a diamond-shaped field. This diamond shape field represents different water types belonging to any genetically related system (Mallick, 2017) .
Piper trilinear equivalence diagram is one of the widely used graphical charts to represent hydrochemical data (using all major ions) into different water facies (Piper, 1994) . Based on the piper diagram (Fig. 3) , groundwater samples were classified in nine geochemical facies. Na-HCO 3 type is most dominating one (52%) followed by Ca-HCO 3 (13%), NaCl (12%), Mg-Cl (8%), Mg-HCO 3 (6%), Ca-Cl (6%) and Na-SO 4 (3%). Ion exchange, dissolution of calcite, semiarid climate, alkaline condition and weathering are responsible for high concentration of Na + , Ca 2+ and HCO 3 − . HCO 3 − dominance in water type suggests dissolution of calcite minerals which favors the enrichment of F in the aquifer.
Geochemical modeling
Saturation indices indicate the thermodynamic tendency of minerals to dissolve or precipitate. Undersaturation reflects the character of water from a formation with insufficient amount of the mineral for solution or with short residence time. On the other hand, oversaturation depicts that the groundwater discharging from an aquifer containing sufficient amount of the mineral with long residence time to reach equilibrium. Different plots showing saturation indexes for six selected minerals and plot exclusively of SI (Fluorite) versus SI (Calcite) to elucidate the process responsible for F − enrichment is shown in Fig. 4a and b respectively.
From Fig. 4a , the positive values of the calculated SI with respect to aragonite, calcite and dolomite for majority of the water samples suggest their oversaturation with respect to these minerals. On the other hand, negative values of the calculated SI with respect to anhydrite, fluorite and hydroxyapatite for almost all water samples (except few one in case of fluorite) suggest undersaturation.
Undersaturation with respect of fluorite can be further explained by a scatter plot between calcite and fluorite (Fig. 4b) . It is observed (Fig. 4b) that most of the samples are oversaturated with respect to calcite, whereas most of the water samples are undersaturated with respect to fluorite.
Multivariate analysis
Factor analysis of physio-chemical parameters of the groundwater samples suggests that four components account for 74.66% of total variance in the composition of groundwater in the study area (Table 3) . 29.65% of variance is explained by PC1, 19.25% by PC2, 16.71% by PC3, and 9.04% by PC4. Component loadings which had values greater than 0.5 were considered for interpretation. Factor 1 has higher positive loading for pH, HCO 3 − , Cl − , and alkalinity and higher negative loading for F − , Ca 2+ , SO 4 2− (Table 4) . It shows that at a higher pH ionic exchange occurs between F − and OH − ions (from minerals like illite, muscovite, amphiboles and mica), resulting in an increase of F − concentration in groundwater. The higher loading for HCO 3 − , which is also supported by the fact that most of the water facies belong to HCO 3 − type, favors the release of F into groundwater. At higher pH ionic exchange occurs between F − and OH − ions (illite, mica and amphiboles) resulting in increase of F − ion concentration in groundwater. The presence of high HCO 3 − , Na + and pH favors the release of F − from aquifer matrix into groundwater. Factor 2 has a higher positive loading of TDS, EC, Na + and SO 4 2− (Table 4) . It suggests the soil mineralization as well as anthropogenic sources such as agriculture is influencing the groundwater environment. Relatively less loading of chloride which is enriched due to high evaporation rate ultimately results in to salt patches, which leach out during the recharge process. Factor 3 shows higher positive loading of total hardness, Ca 2+ , Mg 2+ and NO 3 − (Table 4) . It shows that mostly the factors responsible for hardness of water along with influence of nitrogenous fertilizers. Factor 4 shows higher positive loading for K + , and PO 4 − , which again shows the impact of fertilizers used for agriculture (Table 4) . First three PC loadings are plotted to observe the grouping and relationship among the variables. Plots of these three components explain 66.49% of total variance (Fig. 5) . Component loading is used to analyze that how variables are correlated and which variable is most influential. Overall geochemical reactions controlling the F − enrichment in groundwater in Patan district is also similar or well supported by the finding from Mehsana district located next to the study region (Dhiman and Keshari, 2006) . This reveals that local mineralogical composition of the aquifer matrix is very much responsible for the localized F − pollution.
Discussion
Relatively higher concentration of Na + might be contributed through rock water interaction i.e. weathering of rocks containing Na + (like schist, quartzite and granitic rocks abundantly present in the study area), cation-exchange (substitution of Na + and K + by Ca 2+ and Mg 2+ sorbed on the surface of clay) is mainly responsible for the dominance of Na + and Ca 2+ in the groundwater samples (Srinivasamoorthy et al., 2008) . The enrichment of Na + and Ca 2+ in groundwater through feldspar weathering and cation exchange are shown in Eqs. (1) and (2) 
Here, for Eq. (2), Na + is adsorbed by the exchanger X while Ca 2+ is released and Ca-HCO 3 type water results. Bicarbonate which is most dominant anion might be contributed through weathering of silicate rocks and decomposition of organic matter (Avtar et al., 2013) . Relatively higher concentration of Cl − in some samples (beyond WHO permissible limit of 600 mg/L) can be contributed by higher evaporation during recharge at spatial scale as well as input from sewage effluents . Higher value of SO 4 2− and NO 3 − in few groundwater samples is mainly attributed to agriculture runoff as the study area has intense agriculture activity and breakdown of organic matter is prominent (Anderson, 1979) . Concentration of F − which is quite high in most of the groundwater samples is discussed in more detail in the next section to get an in-depth sight for geochemical processes responsible for its enrichment. For F − chemistry, generally in groundwater with pH < 7.0, F − remains adsorbed to clay due to low solubility of F − . However, in an alkaline medium, i.e. groundwater with pH > 7.0, OH − group replaces the exchangeable F − of clay minerals (biotite/muscovite) leading to an increase in the concentration of F − in groundwater (Avtar et al., 2013; Singh and Mukherjee, 2014) . Geochemically it is also known that F − ions have the same charge and nearly the same radius as hydroxide ions, thereby, facilitating the replacement of each other. But concentration of F − in groundwater also depends on the solubility of F − bearing minerals, anion exchange capacity of aquifer materials (OH − for F − ), the size and type of geological formations traversed by water, and the amount of time that water was in contact with a particular formation (Shanker et al., 2003) . The possible reaction for replacement of F − from OH − ions in case of the muscovite is shown in Eq. (3).
High correlation between F − and alkalinity might be due to the release of OH − and bicarbonate ions simultaneously during the leaching and dissolution process of F − bearing minerals into groundwater. A higher rate of weathering and leaching of minerals also increases the F − ion concentrations with higher levels of alkalinity. Another possibility is that the hydrolysis of alumino-silicate minerals in the hard rock aquifers produces bicarbonate ions, which can enhance fluorite dissolution. A possible reaction is shown in Eq. (4).
Inverse relation between F − and Ca can be attributed to precipitation of CaF 2 as carbonate, due to its lower saturation index or high solubility product (Gaciri and Davis, 1993; Gizaw, 1996) .
Also poor correlation between F − and nitrate divulges that apart from dissolved oxygen, nitrate is thermodynamically favored electron acceptor for providing reducing condition to enhance F − mobilization ultimately results in its enrichment (Rose et al., 1979) .
Most of the water contains Na-HCO 3 type of water facies, which also influences the dissolution of fluorite minerals and releases the F − ions in groundwater (Li et al., 2012; Mrazovaca et al., 2013; .
Majority of hydrochemical facies clearly indicating dominant nature of Na + , Ca 2+ and HCO 3 − among all ionic species present in groundwater samples (Li et al., 2012; Mrazovaca et al., 2013; . Na-HCO 3 water type mainly depicts interaction of groundwater with granitic rocks containing minerals like schist and quartzite during its flow course. Ca-HCO 3 and Mg-HCO 3 water type is mainly from the rocks containing minerals like calcite, dolomite and gypsum. Whereas some of the water samples with Ca-Mg-SO 4 -Cl nature clearly supports water quality alteration because of man-made activities.
From saturation index, oversaturation with respect to aragonite is supported by the fact that aragonite dissolution might be a subsidiary process operating at the study area along with the above mentioned reactions for the release of Ca 2+ and HCO 3 − in groundwater. Oversaturation of these minerals reduces the concentrations of Ca 2+ and Mg 2+ in groundwater and indicates that calcite and dolomite are the dominant constituents of aquifer in the region. Groundwater of these aquifers has sufficient resident time to reach the equilibrium. Calcite precipitation in alkaline environment also favors dissolution of fluorite .
On the other hand, under saturation with respect of fluorite might be just by alkaline medium of the groundwater system which is also well supported by a high rate of evaporation in semi-arid conditions, which might enhance calcite precipitation which removes Ca 2+ from solution allowing more fluorite to dissolve. These released Ca 2+ ions then combine with CO 3 2− ions to further enhance the precipitation of CaCO 3 . For factors analysis, first factor reveals the presence of high HCO 3 − , Na + and pH in the aquifer system favoring the release of F − from aquifer matrix into groundwater. Second factor points towards high evaporation rate which is typical signature of semi-arid area resulting in high salt concentration and thus enrichment of Cl − . Third and fourth factors emphasize the effect of agricultural practices affecting the groundwater chemistry.
Conclusion
F − concentration in the groundwater samples of Patan districts ranges from 0.4 to 4.8 mg/L with an average value of 2.9 mg/L. Eighty percent of groundwater samples in the study area exceed the permissible limit of F − concentration (1.5 mg/L) for drinking water supply. Some of the health related issues like dental fluorosis and skeletal fluorosis, leading to molting and pitting of teeth, stiffness and rigidity of joints were physically noticed during the time of sampling and medical examination is required to confirm the incidences due to consumption of F − in groundwater. The result of the study points towards the geogenic source of F contamination of groundwater. The presence of high HCO 3 − , Na + and pH favors the release of F − from the minerals such as fluorite into groundwater. The granite in the area contains abundant F − and during weathering, F − leaches out from the mineral phase into groundwater. Hydrogeochemical data suggests groundwater with high HCO 3 − and Na + ion concentrations in alkaline condition under the control of water-rock interactions coupled with climatic factors is the most primary reason for the release of F − . Geochemical modeling confirms the findings as most of the samples are undersaturated with respect to fluorite and oversaturated with respect to calcite thus creating a favorable environment for F release into groundwater. The calcite precipitation leads to the removal of Ca 2+ from solution thus allowing more fluorite to dissolve. These released Ca 2+ ions combine with CO 3 2− ions to further enhance the precipitation of CaCO 3 . Finally it is concluded that F − enrichment in groundwater is a cumulative effect of the mineral composition of rock present locally, alkaline conditions of the groundwater system regulated by processes such as rock-water interaction, ion-exchange and evaporation.
